Introduction
Column chromatographic separation with ion-exchange resins is one of the promising methods not only for studying isotope effects in the laboratory scale but also for producing large amount of isotopes such as 15N, 10B and 235 U. Number of studies on isotope effects in ion-exchange reaction for various elements have been made utilizing different types of ion-exchange resins, such as strongly acidic cation exchange resins18), strongly acidic anion exchange resins9), and weakly basic anion exchange resins10-12). Many of these previous studies were made on the isotope effects caused by exchanging ligands between two different types of complexes of the isotopes; such isotope separation systems are referred to the ligand-exchange system. There are a few reports on zinc isotope effects in chemical exchange systems in published literatures, e.g. using cryptand resin chromatography13), and liquid-liquid extraction with dicyclohexano-18-crown-6 in chloroform14,15), however, the ligand-exchange system has not been used for the separation of zinc isotopes so far to the authors' knowledge.
Usually the isotope effects in chemical reactions are very
small. The precise analysis of isotopic ratios of experimental systems is very difficult. In particular, zinc has the highest work function among the metallic elements next to mercury, and therefore the surface ionization of zinc in mass spectrometry is very difficult. Since the small deviation in the zinc isotopic ratio after small migration of zinc adsorption band is undetectable, in the present work zinc band was migrated 28 m in the columns of a cation-exchange resin in order to observe the zinc isotope effects clearly.
Zinc isotopes have an important role in the field of nuclear engineering. It was reported that trace amount of soluble zinc in the coolant water reduces 60Co build up in water piping systems16-18). Since 64Zn is converted to radioactive 65Zn in nuclear reactors, the effect of the radiation reduction is enhanced by using 64Zn depleted zinc.
Therefore, the development of convenient and economical zinc isotope separation methods would be of importance.
The present work aims at evaluating zinc isotope separation power in the ligand-exchange system by using a mac- 
where L represents a ligand; and superscripts of h and 1 denote the heavier isotope and the lighter isotope, respectively; underlines represents the species in the resin phase. 
where k is the slope coefficient, L is the migration distance,
x is the distance from the starting point of the migration, and the subscripts o and L indicate the original and the total migration distance, respectively20). This mathematical model is rearranged for the present system of the band chromatography which has front and rear boundaries. By replacing (L-x) of eq. 4 with XB, we obtain the isotopic enrichment profile for the front boundary region,
where XB is defined as the distance from the front boundary and rfL represents the maximum isotopic ratio on the front boundary. For the rear boundary region, (L-x) is converted to ( WB-XB) and we obtain, •¬ (12) where R, and R0 are the atomic fraction of an isotope. This equation was originally derived for the two-stable-isotopes system where the relation, R=r/(r+1), holds. In the case of the low enrichment systems, eq.12 can be approximated by replacing R with r/(r+1)as:
•¬ (13) The present system involves four stable isotopes. But major two isotopes were analyzed. As long as the attained enrichment is low, the system is regarded as the two isotope system consisting of the measured two isotopes. Then •¬ (14) In the case of the low enrichment stage, R is replaced by r/ (r+1):
•¬ (15) The estimated isotope enrichment profiles in the zinc front The height equivalent to a theoretical plate, HETP, was calculated for evaluating isotope separation performance by the following equation: by the square of the resin diameter, dp, (Fig. 4) . The
HETPs of Cu and Gd migrations were also calculated based on the reported data. The experimental conditions, H, uB, and d2p values for each studies are summarized in Table 1 .
The isotope exchange reactions between solution phase and resin phase proceed effectively and reach equilibrium in a short migration distance when the band velocity is slow. In general, HETP is proportional to the root of d2pUB. 
